*WWOX* tumor suppressor gene---discovery and characteristics {#s1}
============================================================

The *WWOX* tumor suppressor gene was identified and cloned in the year 2,000 following research on the 23.1--23.2---region of long arm of chromosome 16. This region was also identified as FRA16D: one of the common chromosomal fragile sites ([@B1]). For a long time this region was of particular interest, because of the high incidence of loss of heterozygosity (LOH); this was first observed in prostate cancer ([@B2], [@B3]), and later in several other tumor types, including liver cancer (40% LOH) ([@B4]--[@B7]), ovarian cancer ([@B8]), ductal breast cancer *in situ* (DCIS) (about 80% LOH) ([@B9]), sporadic breast cancer ([@B10]), extrahepatic bile ducts ([@B11]), esophageal squamous cell carcinoma ([@B12], [@B13]), non-small lung ([@B14]), pancreas ([@B15], [@B16]), multiple myeloma ([@B17]), thyroid ([@B18]), glioblastoma multiforme ([@B19]), and Wilms tumors (20--30% LOH) ([@B20]).

A significant reduction or lack of expression of WWOX gene was observed mainly in breast cancer, but also (amongst other) in esophageal squamous cell carcinomas ([@B12]), non-small lung cancers ([@B14], [@B21]), pancreatic tumors ([@B15], [@B16], [@B22]) prostate, ([@B23]), gastric, ovarian ([@B24]), thyroid ([@B18], [@B25]), and bladder ([@B26]) cancers.

The highest expression of *WWOX* was observed in normal testis, prostate, and ovary tissues, while considerably lower expression was observed in the colon, small intestine, thymus, and spleen. The fact that that highest expression was observed in hormone-regulated tissues also characterized by the presence of an enzymatic dehydrogenase/reductase domain indicated that its protein product may be involved in the metabolism of steroid hormones ([@B27]). Nunez MI et al. carried out a wide range of tissue array analysis of *WWOX* expression in human normal tissues, derived from more than 30 organs. Highest expression was found in the fallopian tubes, ovaries, mammary gland epithelial cells, endometrial, prostate, testes, liver, stomach, salivary glands, adrenal gland, thyroid, parathyroid, pituitary, cerebellum, and brain cells. In contrast, no expression was observed in fatty tissues, connective tissues, lymphoid tissues, myelin structures or blood vessels. Several recent RNASeq analyses of normal human tissues correlate previous findings, revealing highest *WWOX* expression in thyroid tissue, testis and brain--particularly the cerebellum ([@B28]--[@B30]).

WWOX protein versatile functions {#s2}
================================

Further studies revealed that *WWOX* gene encodes a protein of 414-amino acids (46 kDa) localized mainly within the Golgi system and cytoplasm. At that time, it was the only known protein containing both a short-chain dehydrogenase/reductase (SDR) central domain and two WW domains at the NH~2~ ([@B1], [@B31]). Studies of *WWOX* expression identified several alternative transcripts. Such aberrant transcripts encoding truncated proteins (predominantly devoid of oxidoreductase-coding sequence) were found not only in the breast cancer cell lines and tumor samples ([@B31]), but also in various cancerous tissues; however, no other form of WWOX truncated protein was found ([@B31]--[@B34]).

Interestingly, it was shown that only the first WW domain binds to PPXY motifs in a physiologically relevant manner, whereas the second does not exhibit affinity toward any WW-domain targets. This has been attributed to the double substitution of chemically distinct amino acids located within the binding pocket of the WW2 domain. Also while the first WW domain was found to be unfolded just until ligand binding, the second adopts a fully structured conformation and was also found to help in the stabilization and binding of the ligand to the WW1 domain. All these results suggest that the WW2 domain of WWOX protein serves as a chaperone to augment binding of WW1 domain within WWOX to PPXY motifs of WBP1 and WBP2 proteins ([@B35]--[@B37]), along with other partner proteins, such as ERBB4 ([@B38]).

In Eukaryotes, proteins with a WW domains are involved in various processes associated with cellular signaling, transport of proteins, transcription and RNA processing. Based on pull-down assay, Abu-Odeh et al. published the list of above 200 potential WWOX protein partners ([@B37]), which included several transcription factors, such as P73 ([@B37], [@B39]), AP2-γ ([@B40]), c-Jun ([@B41]), DVL-2 ([@B37], [@B42]), RUNX2 ([@B43]), SMAD3 ([@B44]), and GLI-1 ([@B45]). Binding with WWOX causes their sequestration in the cytoplasm (or in the nucleus, in the case of RUNX2), thereby inhibiting their trans-activating function in the nucleus. WWOX protein also has the ability to bind to the cytoplasmic intracellular part of the ErbB4 receptor, which results in the inhibition of Yap protein-mediated transcription co-activation in the nucleus ([@B46]). In addition, studies have found the WWOX protein to bind to ezrin ([@B47])---an actin-binding protein responsible for driving cell migration which may affect remodeling of the actin cytoskeleton ([@B48]). Recently, it was also confirmed that WWOX physically interacts with the ITCH protein---an E3 ubiquitin ligase which ubiquitinates Lys-63 of WWOX leading to its nuclear translocation. Lys-63-linked poly-ubiquitination is known to play a role in the DNA damage response; therefore, WWOX translocation to the nucleus might be associated with increased cell death. WWOX nuclear translocation was also formerly described for RUNX2 ([@B43]) and p53 ([@B49]) -WWOX protein interactions. Although several WWOX interactions have been identified, the exact function of the WWOX protein is not yet fully understood.

WWOX amino-acid sequence analysis identified two most conserved features of SDR proteins: the coenzyme NAD(H)/NADP(H) binding site and the potential substrate binding site ([@B50], [@B51]). Sequence similarity studies have classified WWOX protein as steroid dehydrogenase ([@B1], [@B52]), more precisely, 17β-hydroxysteroid dehydrogenase ([@B53], [@B54]). However, attempts at characterizing WWOX protein enzymatic activity have proved to be unsuccessful due to inability to purify the protein without loss of activity. This may suggest that *in vivo*, the WWOX protein is only present in liaison with other cell proteins which should be substituted in bacterial expression systems ([@B55]).

Animal-model based studies strongly support the hypothesis that the WWOX protein indeed participates in sex-steroid metabolism ([@B56]). Aqeilan et al. confirmed the importance of WWOX in steroidogenesis and proper gonadal function in knock-out mice (KO). The reduction or absence of WWOX was associated with Leidig cell formation failure, untraceable status of testosterone in serum, decreased theca cell proliferation and tinier ovarian follicles in KO mice. Additionally, the absence of WWOX was found to lead to differential expression of 15 steroidogenesis-associated genes ([@B57]). Other studies have also established the importance of WWOX in the alteration of HDL and lipid metabolism ([@B58], [@B59]).

WWOX in DNA damage response, and genomic stability {#s3}
==================================================

The relationship between the variable expression of DNA damage response proteins (p53, BRCA1, γH2AX, pChk2), DNA damage-sensitive tumor suppressors (WWOX, FHIT), WWOX-interacting proteins (Ap2- α and γ, ERBB4), cancer subtype, and clinical factors was tested in a tissue microarray analysis of 479 cases of breast cancer samples. BRCA1 nuclear expression was associated with FHIT and WWOX, and the absence of WWOX was strongly associated with loss of FHIT expression and cytoplasmic ERBB3. Additionally, a strong correlation was observed between FHIT expression and two WWOX partner proteins: cytoplasmic ERBB4 and Ap2α. In the multifactor model, triple negative breast tumors showed significantly reduced expression of WWOX. Furthermore, the expression of WWOX and ERBB4 was significantly lower in tissues derived from lymph node matched metastases than primary breast cancer tissues. The authors suggest that the loss of the signal pathway in which WWOX is involved contributes to lymph node metastasis by allowing detached cancer cells to survive without contact with the basal membrane ([@B60]).

An analysis of the significance of WWOX in DNA damage response (DDR) and DNA repair in MCF7 breast cancer cells revealed that induction of DNA double-strand breaks (DSBs) by ionizing radiation resulted in transient twofold elevation of WWOX mRNA level after 10 min exposure, which subsequently returned to baseline after 1--2 h. To exclude line specificity, this was further confirmed at the protein level, not only for MCF7 but also for primary mouse embryonic fibroblast (MEF), human embryonic kidney cells (HEK293), and osteosarcoma LM7 cells, both employing IR, as well as radiomimetic drug neocarzinostatin (NCS). Moreover, loss of WWOX expression in MCF7 breast cancer cells was found to be associated with the increased DSB level following DNA damage, highlighting the role of WWOX in genomic stability. The absence of WWOX leads to diminished activation of checkpoint kinase ATM, inefficient induction and maintenance of γ-H2AX foci, and defective DNA repair ([@B61]). Upon DNA damage, ATM stimulates the activity of ITCH (E3 ubiquitin ligase) ([@B62]), which in turn enables WWOX Lys-63 ubiquitination, thus promoting WWOX protein translocation to the nucleus. WWOX in the nucleus was found to interact with ATM, enhancing its monomerization and activation in a positive feed-forward loop manner ([@B61]).

The same research group underlined the importance of WWOX upon DNA single-strand breaks (SSBs) checkpoint activation. It turned out that introducing SSBs resulted in raised WWOX protein level and its accumulation in the nucleus, whereas WWOX depletion was associated with reduced activation of ATR checkpoint proteins and increased chromosomal breaks. The molecular mechanism of WWOX regulation of ATM activation was observed as described previously ([@B61]). On the other hand, the correlation between the inhibition of ATM and reduction in activity of ATR checkpoint kinases indicates that the effect of WWOX on ATR is influenced by ATM ([@B63]).

Recently Schrock et al. employed human embryonic kidney 293T cells and MDA-MB-231 breast cancer cells to describe interaction of Wwox and Brca1 proteins. The latter is known to mediate homology directed repair (HDR) of DSBs. Unlike for Wwox-ATM, the interaction of WWOX with Brca1 did not seem DNA-damage dependent; it was therefore suggested that at sufficient levels, Wwox might compete with various Brca1-interacting proteins important for HDR. In a model based on Rad50 protein, which is a component of the MRN complex interacting with Brca1, Wwox competes with it for binding to Brca1 and consequently impairs end resection. Thus in cancerous cells exhibiting depletion of Wwox, an important inhibitory step would be absent, which might result in enhanced end resection and HDR repair, finally allowing the cells to survive DNA damage-inducing cytotoxic treatments. Indeed it was found that loss of Wwox protein expression contributed to radiation and cisplatin resistance in mouse embryonic fibroblasts (MEFs) and human MDA-MB-231 breast cancer cells, which in turn might be associated with cancer recurrence and poor clinical outcome. Both human breast MCF10A and mouse MEF cells lacking Wwox exhibited enhanced survival upon DSBs inducement by means of ionizing radiation and bleomycin treatment. MDA-MB-231 cancer cells, which survived IR recurred faster in a xenograft model of irradiated breast cancer cells. Also Wwox-deficient MDA-MB-231 cells revealed shorter tumor latencies than the cells expressing Wwox. In a group of brain cancer patients treated with radiation, Wwox deficiency significantly correlated with shorter overall survival times: data obtained from Repository of Molecular Brain Neoplasia Data (REMBRANDT).

Thus according to the model proposed, Wwox might influence the choice of DNA DSB repair pathway by suppressing HDR by interacting with Brca1, and at the same time enhancing non-homologous end-joining (NHEJ) repair. It was also suggested that WWOX might serve as a genome caretaker, with its function based on Brca1-Wwox interaction in turn supporting NHEJ as the principal DSB repair pathway in Wwox-expressing cells ([@B64]).

Biological and clinical implications of WWOX in breast cancer {#s4}
=============================================================

WWOX genetic changes---*in vivo* and *in vitro* studies
-------------------------------------------------------

Suppressive properties of *WWOX* gene were widely studied and confirmed by various research groups. *In vivo* studies showed that transduced MDA-MB-435 breast cancer cells exhibiting elevated WWOX expression injected into mammary gland of athymic mice delayed and inhibited tumorigenesis and slowed tumor growth rates compared to xenografts formed after control injections with unmodified MDA-MB-435 cells. Moreover, the tumors formed by MDA-MB-435/vector transduced cells were found to be about 10-fold larger than tumors formed by cells transduced with the *WWOX* gene ([@B31]). A similar inhibition of tumor growth in athymic mice after injection of *WWOX* transduced cells was also observed for other cancer cell lines, including pancreatic cancer cell line- Panc-1 ([@B15]), lung cancer - A549, H1299 H460 ([@B65]), prostate cancer--DU-145 ([@B66]), and ovarian cancer--PEO1 ([@B67]).

*In vitro* studies confirmed the suppressive characteristics of the WWOX gene. Soft agar growth assay showed the restoration of *WWOX* gene expression in breast cancer cell lines MDA-MB-453, T47D ([@B31]), BT-474, MDA-MB-231 ([@B68], [@B69]) and HCC1937 ([@B69]) significantly reduced their ability to anchor independent growth. Similar observations were reported for other *WWOX*-transduced cell lines from other cancers: pancreatic--AsPc1 and Panc1 ([@B15], [@B16]), prostate--DU145 ([@B66]), lung--A549, H460 and H1299 ([@B65]), and ovarian--A2780 ([@B70]).

Additionally, induction of apoptosis was observed through activation of the internal caspase cascade in the ectopically *WWOX*-expressing breast cancer (Ad-WWOX MDA-MB- 231) and lung cancer cell lines (Ad-WWOX A549, Ad-WWOX H460) ([@B65], [@B69]).

Another cancer-specific feature is the migration of cancer cells through a basal membrane, which is a basis of tumor aggressiveness. Surprisingly, contrary to animal studies, where WWOX inhibits tumorigenesis, elevated transcription of *WWOX* in MDA-MB-231 breast cancer cells was found to escalate migration through the basal membrane (Matrigel test), suggesting increased invasiveness ([@B68]). On the other hand, a morphogenesis test in Matrigel revealed MDA-MB-231 cells transduced with *WWOX* to display branched structures, compared with the spherical tumor-like structures of control cells. This results suggest that the *WWOX* gene might be involved in normal mammary tissue development ([@B68]). In ovarian cancer cell lines it was also observed that the restoration of WWOX modulated interaction of tumor cells with the extracellular matrix ([@B67]).

Gene function can be effectively investigated using gene knock-out experiments. A 2011 study based on WWOX(C3H)^+/−^, a WWOX-heterozygous C3H mammary tumor-susceptible genetic background mouse strain which resembles possible malignant transformation in humans, found that 50% of female mice formed breast cancer compared to 7% in the control WWOX(C3H)^+/+^. In most of the WWOX(C3H)^+/−^ tumors, loss of estrogen and progesterone receptors was also observed. Furthermore, cDNA array expression analysis of normal murine breast tissue and heterozygous WWOX(C3H)^+/−^ tumors was carried out, and identified 292 genes of significantly variable expression. Most identified genes turned out to be involved in cellular movement, signaling and interactions, cellular development, growth, proliferation, and cell death ([@B71]). Initial attempts of developing adult WWOX^−/−^ knock-out mice turned out unsuccessful, as animals were smaller and died within 4 weeks. Moreover, WWOX^−/−^ mice developed spontaneous osteosarcomas, whereas WWOX^−/+^ mice squamous lung carcinomas. Compared to wild-type animals (WWOX^+/+^), neoplasms were five times more frequent. In addition, the presence of WWOX protein in tumors of WWOX^−/+^ animals, suggests a predisposition to malignancy as an effect of haploinsufficiency ([@B57]). WWOX^−/−^ mice showed also severe metabolic defects, which affected proper bone formation ([@B43]).

Interestingly, in 2012 Ferguson et al. for the first time described tissue specific targeted ablation of *Wwox* gene in adult mouse tissues. Their MMTV-Cre mouse model exhibited significant down-expression of *Wwox* in the mammary epithelium without any adverse effect on survival. What is more, *Wwox* deletion did not affect tumorigenicity, nor did haploinsufficiency affect the mammary gland phenotype: It was concluded that *Wwox* might not be a classical tumor suppressor gene, but that rather loss of *Wwox* expression is associated with tumor progression. Nevertheless, *Wwox* knockdown in a mouse model resulted in impaired mammary branching morphogenesis ([@B72]). Similar observations, were made on a breast cancer cell line, where ectopical overexpression of *WWOX* gene in MDA-MB-231 breast cancer cells changed cell growth in Matrigel from tumor-like to branched structures, which resembled normal mammary duct formation ([@B68]).

Great efforts have been made to reveal the biological functions of *WWOX* and identify the signaling pathways associated with its expression, not limited to breast cancer. For *Wwox* KO MMTV-Cre mice, significant deregulation of the genes involved in various cellular processes was observed in the mammary epithelium. Gene ontology enrichment analysis of the Biological Processes GO category identified WWOX-associated expression of Wnt signaling pathway genes, including significant upregulation of *Wnt5a*, which is also transcriptional target of the TGFβ/SMAD signaling pathway, skeletal system development/bone morphogenesis, genes associated with tissue remodeling, and cell migration as well as adhesion-related genes (for instance *Timp2* and *Timp3* upregulation) ([@B72]). An interesting strategy for elucidating WWOX function was employed by Aldaz et al. Their study used a Multiexperiment Matrix bioinformatics tool to identify the top 100 genes positively-correlated with WWOX and the top 100 negatively-correlated genes based on approximately 4,800 samples of both normal and tumor tissues, as well as breast cancer cell lines, obtained from breast datasets. Among the top enriched biofunctions, the following were identified: "regulation of mammary gland morphogenesis and branching," "coenzyme A metabolic process," "WNT signaling pathway," "senescence/autophagy" and "fat cell differentiation" ([@B73]); these results are consistent with those of previous studies.

Clinical significance of WWOX in breast cancer
----------------------------------------------

As mentioned above, breast cancer deletions within the common chromosomal fragile site FRA16D are observed in more than 80% cases, which makes changes in the WWOX coding region the most common genetic alternation in breast cancer ([@B9]). However, LOH is not the only mechanism responsible for *WWOX* downregulation: hypermethylation ([@B69], [@B74], [@B75]) and some infrequent point mutations within the coding region of *WWOX* ([@B76]) have also been found to be involved in breast carcinogenesis and cancer progression. In addition, rare homozygous deletions have also been observed for lung, ovarian, pancreatic ([@B34]) and colon cancers ([@B77]), WWOX protein degradation has been observed as a result of ubiquitination in prostate cancer ([@B78]), and hypermethylation in gastric ([@B6], [@B79]), pancreatic ([@B16], [@B80]), bladder ([@B74]), lung ([@B74], [@B81], [@B82]), and prostate ([@B66]) tumors.

The first cell line-based *WWOX* gene expression study related to breast cancer found HME-87 expression to be elevated in all eight tested cell lines compared to normal epithelial breast cells. Interestingly, the studied cell lines demonstrated wide variations in expression, ranging from relatively low levels in T47D, MDA-MB-435, and MDA-MB-231 to significant over-expression in ZR75-1, MCF-7, and MDA-MB-361 ([@B1], [@B31], [@B83]). This diversity in WWOX expression in different breast cancer cell lines was confirmed by Driouch et al. who also showed decreased expression in breast cancer tumors ([@B32]).

Immunohistochemical studies also found 63.2% of 97 invasive breast cancers to demonstrate a reduction in WWOX protein level. In addition, in 32.9% of these cases also demonstrated reduced expression in normal breast tissue, and correlation between reduced expression and a higher degree of tumor stage was shown (*P* = 0.033) ([@B84]). Similarly, Nunez et al. report high WWOX protein levels in normal human epithelial breast tissues, but very low or no expression in 33% of DCIS and 59.6% of invasive breast cancer cases ([@B85]). Reduced expression of WWOX was also observed in immunohistochemical study of 44 DCIS tumors (68.2%), 31 DCIS tumors adjacent to invasive breast cancer (54.8%), 30 cases of invasive breast cancer (61.3%), 39 normal tissues adjacent to DCIS tumors (56.4%), and 30 healthy tissues surrounding DCIS tumors adjacent to invasive breast cancers (29%). Moreover, reduced expression was observed more frequently in tissue adjacent to invasive breast cancer of a higher DCIS tumor stage (*P* = 0.004) ([@B86]). Another analysis of 267 breast cancer cases revealed an association between lower WWOX expression, the basal breast cancer subtype (*P* = 0.01) and shorter relapse-free survival (DFS), although its level did not correspond to patient overall survival (OS) ([@B86]).

*WWOX* was also proved to be a potent prognostic marker in breast cancer. In 2010 Pluciennik et al. assessed *WWOX* and three other genes (*ESR1, CDH1, BAX*) as a markers of favorable prognosis in nearly 120 BC patients. Along with *KTR5, KRT14, KRT17, CCNE1, BCL2*, and *BIRC5* genes, found to be associated with unfavorable prognosis, those 10 genes constituted an algorithm dividing patients into statistically significant groups of diverse disease-free survival times (*p* = 0.0056). Additionally, after division of the patients according to ER status, the algorithm was only well diversified in the group of ER-patients (*p* = 0.0039) ([@B87]).

The prognostic value of WWOX expression in breast carcinomas, was also assessed by Aldaz et al. [@B68], when he and his co-workers employed publicly available gene expression microarray data sets and Kaplan--Meier Plotter tool, in order to stratify breast cancer patients according to high and low WWOX expression. The findings revealed low WWOX expression to be associated with shorter relapse-free survival times in breast cancer patients (*n* = 3259). Additionally, while this trend was confirmed in all breast cancer subtypes, it was definitely more evident in luminal B and basal-like subtypes than luminal A ([@B73]).

Association of WWOX and ER status and chemotherapy effectiveness in breast cancer
---------------------------------------------------------------------------------

The first report of a correlation between WWOX and estrogen receptor status obtained by a immunohistochemical study of WWOX in 97 archived breast carcinoma specimens in relation to various patient and tumor characteristics by Guler et al. It was found that reduced WWOX staining was associated with less favorable ER status (*P* = 0.033). Lowered WWOX expression was observed in 56.3% ER-negative tumors and \< 25% ER-positive tumors, while normal WWOX staining correlated with negative or nearly negative ER status only in 30.4% of cancer cases ([@B84]).

Nunez et al. identified a correlation between WWOX expression and ER status. They compared WWOX protein level with patient clinico-pathological profile in a group of 16 human normal breast epithelium samples, 15 DCIS tumors and 203 invasive breast cancer cases. They observed that 27% of estrogen-positive breast carcinomas were negative for *WWOX* expression, compared with 46% for ER-- cancers (*p* = 0.0054). In addition, when combining *WWOX*--deficient and nearly-negative cases, the difference became even more substantial, with 51% of ER+ cases and 73% of ER-- cases being recognized (*p* = 0.003) ([@B85]). Similar correlations were also observed in other studies. The level of *WWOX* expression correlated with ER and PR status in a quantitative real-time RT-PCR study of 132 breast cancer cases: significantly higher WWOX expression was observed in ER+ tumors compared to ER-- tumors, as well as in PR positive cancers compared to PR negatives, and in ER+PR+ tumors compared to ER--PR-- cases ([@B88]). A strong positive relationship was found between WWOX expression and ER (*p* \< 0.001) or PR (*p* = 0.001) by immunostaining of tissue microarrays constructed from 837 breast cancer blocks ([@B89]).

WWOX has been also described as a promising marker of chemotherapy effectiveness. Scientists observed 4.6-times greater probability of tamoxifen resistance in patients with reduced expression of WWOX (*n* = 89 breast cancer patients). In addition, the expression of WWOX was found to be a better marker of tamoxifen resistance in high-risk patients than progesterone receptor level ([@B90]). Also, an *in vitro* study showed that a reduction of WWOX resulted in diminished ER levels and diminished tamoxifen sensitivity ([@B71]). The association between WWOX expression and sensitivity of tamoxifen treatment was finally confirmed on tissue microarrays employing 912 randomized breast cancer tissues. In patients treated with tamoxifen, there was a significant correlation between high WWOX expression and a lowered risk of recurrence, indicating that WWOX might be a potential marker of tamoxifen effectiveness ([@B91]).

WWOX in bone metastases of breast cancer and metabolism
-------------------------------------------------------

In 2013, Matteucci et al. investigated WWOX, E-cadherin and TAZ protein levels, with the intention of deciphering the contribution of Hippo-related pathways in bone metastasis from breast cancer. Interestingly, the findings indicated elevated WWOX levels in bone metastases prevalently at plasma membrane/nuclei level and in cytosolic-perinuclear areas (*n* = 15), while being almost absent in primary invasive ductal breast carcinoma tissues (*n* = 6; two specimens matched) ([@B92]--[@B94]). Moreover, the adjacent mammary tissues showed a WWOX signal ([@B93], [@B94]). *In vitro* studies showed that WWOX and E-cadherin were higher in bone-metastatic 1,833 cells when compared with parental-MDA-MB-231 cells, while being elevated in non-invasive MCF-7 breast carcinoma cells. Knocking-down endogenous WWOX reduced invasion and E-cadherin expression in 1,833 cells, whilst its overexpression enhanced E-cadherin transactivation and protein level in the 1,833, but not in MDA-MB-231 cells, increasing also metastatic-cell migration. It was concluded that in 1833 cells, WWOX expression varies with DNA-methylation state and hypoxic conditions ([@B92], [@B93]), as endogenous levels of WWOX protein in the 1833 cells was regulated by DNA methyltransferases. Long-term exposure to the inhibitor 5-azacytidine caused WWOX downregulation and treatment of 1,833-xenograft mice with another inhibitor of DNA methyltransferases, 5-aza-2′-deoxycytidine, prolonged mouse survival and increased WWOX expression both in cytosol and nuclei. WWOX and TAZ were found to activate Hypoxia inducible factor-1 (HIF-1) binding to E-cadherin promoter, while PPARγ receptor (Peroxisome proliferator-activated receptor γ) mediated in E-cadherin transactivation supporting WWOX and preventing TAZ functions ([@B92]--[@B94]). Further research revealed that by influencing E-cadherin expression, Wwox contributes to mesenchymal-epithelial transition (MET) and colonization of bone metastasis from breast carcinoma ([@B94]).

HIF-1 was found to be a major regulator of oxygen homeostasis and of aerobic glycolysis in cancer (Warburg effect), and HIF-1α its inducible subunit ([@B95]). It was found that WWOX regulates the expression of glycolysis-related genes through HIF-1α ([@B96]).

At this point it is scarcely possible not to mention the emerging role of WWOX in the metabolic state of the cells, which is of particular importance given the fact that reprogramming of energy metabolism was recently added to the list of hallmarks of cancer cells ([@B97]). During glycolysis, normal cells convert glucose to pyruvate in the cytosol, which is followed by complete oxidation of pyruvate to CO~2~ through the tricarboxylic acid (TCA) cycle and then oxidative phosphorylation in the mitochondria, under aerobic conditions; under anaerobic conditions, the pyruvate is metabolized to lactate. However, cancer cells convert most glucose to lactate even in aerobic conditions, diverting glucose metabolites from energy production to anabolic process to accelerate cell proliferation. This state has been termed the Warburg effect, after the first researcher to describe the phenomenon, or as aerobic glycolysis ([@B98]).

As mentioned above, Abu-Remaileh and Aqeilan ([@B96]) reported that WWOX, physically and functionally interacts with HIF1α and regulates its transactivation function both *in vitro* and *in vivo*: *WWOX* KO mice exhibit elevated levels of serum lactic acid. The loss of *WWOX* resulted in activation of glycolysis in mouse embryonic fibroblasts (MEF) from KO embryos, compared with fibroblasts from *WWOX*-wild type embryos. Importantly, genetic or pharmacologic depletion of HIF1α was able to reverse WWOX-mediated phenotypes associated with its loss, including tumorigenesis. In addition, breast cancer tissue microarrays have shown that in breast cancer samples, WWOX expression is inversely correlated with levels of the glucose transporter GLUT1, which is known to be a direct target of HIF1α. This again highlights the modulatory role of WWOX in cancer metabolism ([@B96]). Major research on WWOX in breast cancer are listed in Table [1](#T1){ref-type="table"}. Figure [1](#F1){ref-type="fig"} depicts crucial nodes of differential WWOX molecular functions and its clinical implications.
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Summary and future perspectives {#s5}
===============================

Initially, when the *WWOX* gene was discovered, it seemed almost certain that it was related to the classical tumor suppressor gene. Downregulation of WWOX expression was found to be associated with more advanced tumors, higher aggressiveness, and poorer disease-free and overall patient survival, not only in breast cancer but in the majority of investigated neoplasms. However, despite evidence from clinical outcomes and *in vivo* and *in vitro* models supporting its tumor suppressor function, it was found that WWOX does not act as a standard tumor suppressor gene. In various cancer types, it is more common to observe low levels of Wwox than none at all, which does not fit Knudson\'s two-hit hypothesis. In fact its haploinsufficiency is prevalent for WWOX inactivation, and inactivation of both alleles or missense mutations are very rare.

WWOX possessing a classical SDR domain turned out to take part in steroid and bone metabolism. The *WWOX* gene is in fact highly expressed in hormone-dependent tissues, where it might be involved in the regulation of metabolic steroids. Reduced or lost expression of WWOX resulted in the development of metabolic diseases, and Wwox KO mice were found to die early prematurely from multiple physiological defects before any tumors developed.

Two WW domains of Wwox are responsible for its interactions. Although several transcription factors have been identified amongst WWOX partners, various Wwox interactors have been found to play roles in aerobic metabolism. Indeed, the contribution of Wwox to pathways involving aerobic metabolism and oxidative stress are well-documented, which provides further evidence for the non-classical tumor suppressor characteristics of WWOX. Its ability to facilitate the circumvention of mitochondrial damage-induced glycolysis (Warburg effect) was proposed as a possible mechanism for its tumor suppressor activity.

Loss or dysregulation of WWOX expression leads not only to tumorigenesis and cancer progression, but also genomic instability and resistance to therapy. This way, WWOX can be used as a potent marker of prognostic and clinical outcome. Wwox expression might also serve as a significant predictor of response to radiotherapy and chemotherapy.

WWOX is involved in many signaling pathways for regulating cell apoptosis, autophagy, differentiation and metabolism. Mutations and deletions completely silencing *WWOX* expression are very rare and most often we observe abrogation of its function through lowered WWOX protein synthesis and haploinsufficiency. Therefore, due to multifunctional nature of WWOX there is very difficult to justify prevalent dysfunction in a specific tumor type. Final result of *WWOX* gene silencing depends also on abrogation of function of its partner proteins and appropriate protein network. That suggests that while in breast cancer we observe around 70% loss of heterozygosity of WWOX gene and significant expression reduction final effect of WWOX abrogation depends on topology of multiprotein network associated with WWOX protein-protein interaction that may be differentiated in tumor subtypes.
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